The structural evolution on the drying of wet sonogels of silica with the liquid phase exchanged by acetone, obtained from tetraethoxisilane sonohydrolysis, was studied in situ by small-angle x-ray scattering ͑SAXS͒. The periods associated to the structural evolution as determined by SAXS are in agreement with those classical ones established on basis of the features of the evaporation rate of the liquid phase in the obtaining of xerogels. The wet gel can be described as formed by primary particles ͑microclusters͒, with characteristic length a ϳ0.67 nm and surface which is fractal, linking together to form mass fractal structures with mass fractal dimension Dϭ2.24 in a length scale ϳ6.7 nm. As the network collapses while the liquid/vapor meniscus is kept out of the gel volume, the mass fractal structure becomes more compacted by increasing D and decreasing , with smoothing of the fractal surface of the microclusters. The time evolution of the density of the wet gels was evaluated exclusively from the SAXS parameters , D, and a. The final dried acetone-exchanged gel presents Porod's inhomogeneity length of about 2.8 nm and apparently exhibits an interesting singularity D →3, as determined by the mass fractal modeling used to fit the SAXS intensity data for the obtaining of the parameters and D.
I. INTRODUCTION
A large variety of glass and glass ceramics has been obtained by sol-gel process from the hydrolysis of tetraethoxysilane ͑TEOS͒.
1 Since water and TEOS are immiscible, a mutual solvent such as ethanol is usually employed as a homogenizing medium in the conventional sol-gel method. Because ethanol is a product of both the hydrolysis and the alcohol producing condensation reaction, sonochemistry is an alternative method to promote hydrolysis in the presence of the acid catalyst. 2, 3 The wet gel structure frequently exhibits a mass fractal feature 4 consisting of a continuous solid network imbibed in a liquid phase, which can occupy until about 95 to 98 % of the volume sample. 5, 6 Drying is the most critical step of the sol-gel processing for obtaining monoliths or if the textural properties of the wet gels are intended to be preserved. 7 Supercritical drying ͑aerogels͒, freeze drying ͑criogels͒, and evaporation drying ͑xerogels͒ 1 are the usual methods in dried gels production.
Particularly, the drying of xerogels exhibits three distinct stages: the constant rate period ͑CRP͒, the first falling rate period, and the second falling rate period. 7 The drying stages can be observed experimentally by studying the rate of liquid loss versus the liquid content in the gel. The constant rate period, in which the greatest changes in volume, weight, and structure occur, is controlled by evaporation from the surface of the body and ends when shrinkage ceases. 7, 8 The rate of evaporation per unit area of the drying surface remains constant while the solid network collapses into the liquid, as a result of the compressive stress imposed by the tensile stress ͑capillary forces͒ of the liquid, and the liquid/vapor meniscus is kept at the drying surface. 7 The first falling rate period starts when the network becomes strong enough to resist further shrinkage and the radius of meniscus reduces enough to enter the pore, which begins to empty. This stage is controlled by flow through small pores and liquid layers over the pore surface and only small changes in weight and volume are observed. 8 In the second falling rate period, the liquid pathway to the surface becomes discontinuous and a very small loss of weight follows, until the equilibrium, by evaporation within the pores and diffusion of the vapor to the surface. 8 It has been pointed that most alkoxide-derived gels may not exhibit a CRP since the liquid phase of the gel is a mixture of water and alcohol. 7 Kawaguchi et al. 9 found the evaporation rate to be initially constant for large pore silica gel, meanwhile Hench and Wilson 8 did not find a constant rate of loss of weight during drying alkoxide-derived gels, even when normalized to the surface area.
In the present work, the liquid phase of wet sonogels obtained from the TEOS sonohydrolysis was exchange by acetone, in order to minimize the effects of the surface tension on the subsequent drying process in the obtaining of xerogels. The drying of the acetone-exchanged wet sonogel was studied in situ by small angle x-ray scattering ͑SAXS͒ at room temperature. Since the evaporation rate of acetone occurs relatively rapid, even at room temperature, the study allowed the drying stages and the corresponding structural evolution to be followed by SAXS. The method employed in the present work in studying the phenomenology of the drying of gels is not a direct method that allows the liquid/vapor meniscus movement ͑kept constant at the drying surface, reduction in meniscus radius, and its movement into the small pores, etc.͒ to be directly followed, but it is an indirect method that allows us to associate the structural evolutions, including contrast variations, with the well known drying stages.
II. EXPERIMENT
The samples were prepared from the sono-hydrolysis of mixtures of 25 ml of tetraethoxysilane ͑TEOS͒, 8 ml of dis-tilled and dionized water, and 5 ml of 0.1N HCl as a catalyst. The resulting pH of the mixture was about 1.5-2.0. The hydrolysis was promoted during 10 min under a constant power ͑60 W͒ of ultrasonic radiation. Next, the sol was diluted in 14.3 ml of water and sonication was continued for 2 min for complete homogenization. The pH of the resulting sol was adjusted to 4.5 by addition of NH 4 (OH). The final water/TEOS molar ratio was equal to 14.4. The resulting sol was cast in sealed containers and kept under saturated conditions for 20 days at 40°C for gelation and aging. The liquid phase of the sonogels was exchanged by pure acetone at room temperature. The volume of the acetone surrounding the gel, about ten times the apparent gel volume, was exchanged each 24 h during 10 days. For the SAXS measurements, a 2-mm-thick and 5-mm-diameter lamina of the acetone-saturated gel was placed in an open sample holder with two lateral 10-m-thick Mylar sheets, just to avoid the drop of the sample, so that the evaporation process was free to take place practically from all external surface of the sample. The SAXS data were obtained as a function of the drying time at room temperature using synchrotron radiation with a wavelength ϭ0.1608 nm. The beam was monochromatized by a silicon monochromator and collimated by a set of slits defining a pin-hole geometry. A one-dimensional position sensitive x-ray detector was used to record the SAXS intensity, I(q), as function of the modulus of the scattering vector qϭ(4/)sin(/2), where is the scattering angle. The experimental set allowed to get SAXS data from q 0 ϭ0.19 nm Ϫ1 to q m ϭ4.4 nm Ϫ1 with a resolution of ⌬q ϭ3.36ϫ10
Ϫ3 nm Ϫ1 . The data were corrected by the parasitic scattering and the sample attenuation and normalized by the intensity of the incident beam. The sample attenuation, A, defined as the incident to the transmitted intensity ratio, was measured continuously along the drying time. The scattering intensity from a 45°-tilted Mylar film placed before the sample, as measured by a scintillation detector positioned perpendicularly to incident beam, was taken as a measure proportional to the incident beam intensity. The scattering intensity produced by the incidence of the transmitted beam on the beam stop of the SAXS detector, as measured by a second scintillation detector conveniently positioned at the proximities of the beam stop, was taken as a measure proportional to the transmitted beam intensity.
III. INTERPRETATION OF THE SAXS DATA
Fresh gels frequently exhibit mass fractal structures that can be recognized by typical power-law decrease on q of the SAXS intensity in a q range between ӷq Ϫ1 ӷa, where is the characteristic length of the fractal structure and a the characteristic length of the primary particles composing the structure. 10 As found for the acetone-exchanged wet gel studied in this work, the SAXS intensity departs from the powerlaw regime at low-q values due to the finite correlation range of the mass fractal structure, and at high-q values due to the surface fractal characteristic of the primary particles ͑mi-croclusters͒ composing the structure. We first analyze the SAXS intensity at the low-and medium-q regions in which it can be fitted by 11 I͑q
where D is the mass fractal dimension of the structure, a physically acceptable value between 1ϽDϽ3, and B is a constant for a given D and .
At high-q region, it was found the intensity crossing over to power-law decrease on q as
with the exponent ␣ found between 3 and 4. This behavior was interpreted as a property of the primary particle surfaces that would be fractal with dimensionality D S given by 11 D S ϭ6Ϫ␣. ͑3͒
IV. RESULTS
The experimental SAXS curves exhibited a continuous decrease in intensity at the first instants of the process. The diminution in intensity was found approximately q independent, mainly within the low-q range. We have then assumed that the intensity for a fixed and low q 1 value is a relative measure of the structural evolution of the system. Figure 1 shows the evolution with time of the SAXS intensity, I(q 1 ), as measured at q 1 ϭ0.22 nm Ϫ1 , together with the sample attenuation along the drying process of the acetoneexchanged silica sonogel. Three distinct stages are apparent along the process: ͑I͒ diminution of I(q 1 ) and increase of A, ͑II͒ increase of I(q 1 ) and diminution of A, and ͑III͒ further diminution of I(q 1 ) and constancy of A.
Stage I is attributed to the network collapse in which the shrinkage of the gel is responsible for the greatest structural modifications. This stage is associated to the constant rate period ͑CRP͒ frequently found in the drying of xerogels, in which the meniscus liquid/vapor is kept at the external surface of the gel unable to penetrate into the pores, while the gel collapses. Therefore, no contrast variation occurs during this stage, so that the two phases scattering condition is ob- Stage II is associated with the contrast variations due to the penetration of the meniscus liquid/vapor into the pore when the network collapse ceases, since the network becomes strong enough to resist further shrinkage. As the SAXS intensity is proportional to the square of the electronic density difference between the phases, we expect the intensity to increase with pore emptying. The emptying of the pores should start first by the big ones on view of the Kelvin equation relating the pore radius with the equilibrium vapor pressure under an evaporation process, in an analogy with the desorption branch in a gas adsorption experiment. The analysis of the SAXS intensity associated with systems with three electronic densities as found in this stage is very complex as considered when compared to the usual treatment applied to a two-phase system.
Stage III is associated, as we will later discuss, to further structural evolutions in the microclusters ͑or particles͒ of the sonogels. Figure 2 shows the SAXS intensity as a function of the modulus of the scattering vector q along of the time of the three stages defined in Fig. 1 . During the network collapse ͑stage I͒, the SAXS intensity curves as a function of modulus of the scattering vector q are all practically parallel, the intensity diminishing with time. In addition, Eq. ͑1͒ fits well to the experimental data up to a q value of about q a ϳ1.5 nm Ϫ1 , and for greater q values, the intensity follows reasonably a power-law decrease given by Eq. ͑2͒, with the exponent ␣ increasing from 3.4 to almost 4.0 during this stage. The mass-to-surface fractal crossover is attributed to the microclusters surface, which is fractal, so that it is becoming more smooth as the network is collapsing, since ␣ is going to 4.0 (D S →2). The structural parameters of the mass fractal structure ( and D) and of the surface fractal of the microclusters (D S ) are shown in Fig. 3 as a function of the network collapsing time. The diminution of and increase of D is compatible with the compacting of the structure as the network collapses. Along the contrast variation stage II, it is apparent the emptying first of larger pores, since the intensity increases first at low q-region ͑see the 60 min-labeled sample compared to that labeled 53 min in Fig. 2͒ . Further structural evolutions associated with stage III are attributed to the final compacting and smoothing of the microclusters ͑particles͒, since D→3 and ␣→4.0 (D S →2), as in a classical two-phase scattering system.
V. DISCUSSION
The structural transition from mass to surface fractal as suggested by the crossover found in the scattering intensity power-law regime at about q a ϳ1.5 nm Ϫ1 , during stage I in which the network is collapsing in saturated conditions, can be interpreted as the following modeling: the wet gel is composed by primary particles ͑or microclusters͒ with characteristic length given by aϳ1/q a ϳ0.67 nm, with extremely rough surface, at the beginning of drying, which link together to form mass fractal structures with characteristic length and mass fractal dimension D. This modeling is similar to that described by Vacher et al. 11 in silica aerogels, inclusive with respect to the value of the crossover at q a ϳ1.5 nm Ϫ1 . Here, as the network collapses, the fractal structure becomes more compacted, decreasing and increasing D, and the surface of the microclusters becomes more smoothed. The network compacting is also responsible by the diminution of the SAXS intensity due to the increase of the interference between the scattered waves from different parts of the sample, as they are approximating together as the network collapses. The fractal structure evolution along network collapse can be followed by analyzing the time evolution of the density of the mass fractal structure, , which can be evaluated exclusively from the SAXS parameters , D and a through the equation
where ⌬ ϭ Ϫ L and ⌬ a ϭ a Ϫ L , with L being the density of the liquid phase ͑acetone͒ and a the density of primary particles or microclusters. a was evaluated through Eq. ͑4͒ from the measured value wetgel ϭ0.96 g/cm 3 , as the density obtained from weight and volume measurements of an ethanol-exchanged wet gel sample, since ethanol is less volatile and have the same density as acetone, and Dϭ2.24 and ϭ6.68 nm, as determined by SAXS from Eq. ͑1͒ for such a sample. We have obtained a ϭ1.78 g/cm 3 , which is less than the value frequently quoted for the fused silica (2.2 g/cm 3 ), revealing some structure in the microclusters. Figure 4 shows the time evolution of as evaluated from Eq. ͑4͒ with a ϭ1.78 g/cm 3 and aϭ0.67 nm. The values associated to zero time ͑Figs. 3 and 4͒ correspond all to those of the mentioned ethanol-exchanged wet gel sample. From the density data, the volume fraction of the liquid phase in the acetone-exchanged wet gel at the initial condition of drying was evaluated as being about 0.83 and at the end of the stage of the network collapse as about 0.50.
The diminution of the SAXS intensity associated to final of stage III, after the contrast variation stage, is attributed to further structural evolution in the microclusters, which would be contracting to density values greater than that 1.78 g/cm 3 obtained for the wet microclusters. If we assume that the final density of the microclusters is close to that of the fused silica (2.2 g/cm 3 ), then the volume of the microclusters would have been contracted by an additional quantity of about 19%, so the pore volume fraction () of the final dried gel would be about 0.59.
The structural characteristics of the dried gel associated to the final of stage III were analyzed on basis of the same modeling as described by Eq. ͑1͒. Figure 2 ͑III͒ shows that Eq. ͑1͒ fits well the SAXS intensity data from the sample after 85 min of drying. Singularly, the fractal dimension D was found to be approximately equal to 3 and the asymptotic approximation for the scattering intensity was found decaying proportional to q Ϫ4 , according to Porod's law. The fact of the asymptotic scattering intensity to vanish or not as D→3 has been subject to some discussion. 12 The small-angle scattering intensity from random fractals with D 3 is known to decay proportional to q ϪD , for qӷ1, where is the length of the overall dimension of the fractal.
13 Surprisingly, Eq. ͑1͒ was found to be able to fit our experimental data with Dϭ3 and describe the asymptotic scattering intensity according to Porod's law, i.e., decaying proportional to q Ϫ4 instead q ϪD . Indeed, a more careful inspection of Eq. ͑1͒ shows that, for Dϭ3, I(q) decays as q Ϫ4 since sin͓2 arctan(q)͔→sin͓2(/2Ϫ1/q)͔→2/q as q ӷ1. Since Eq. ͑1͒ is properly applied to mass fractal structures, it is reasonable to realize that Dϭ3 corresponds to homogeneous objects, in an overall length scale , with perfectly smoothed surface, since I(q)ϳq Ϫ4 for qӷ1. The surface per unit volume of such a dried sample, S/V, can be obtained from Porod's law 14 through the equation
where is the pore volume fraction (ϭ0.59) and l P is the Porod's inhomogeneity length, which is obtained exclusively from SAXS data through the equation
where K P , the constant of Porod's law, is given by
and Q, the integrated intensity, as
We have found l P ϭ(2.79Ϯ0.16) nm and S/Vϭ(0.35 Ϯ0.02) nm Ϫ1 for the dried sample, which corresponds to about 385 m 2 /g, if we assume that silica particles with ϳ2.2 g/cm 3 occupy the remaining 0.41 of the dried gel volume fraction. Monolithic xerogels, obtained through slow FIG. 4 . Time evolution of the mass fractal structure density as evaluated by SAXS for acetone-exchanged wet sonogels along the network collapse period. The indicated value wet gel corresponds to the measured density of an ethanol-exchanged wet sonogel.
drying process from nonexchanged sonogels, frequently exhibit specific surface of about 390 m 2 /g, 15 in good agreement with the value obtained for this acetone-exchanged sample submitted to rapid drying. The value of the Porod's inhomogeneity length l P ϭ2.79 nm is also in agreement with the value of the overall length scale ϭ2.63 nm, as obtained by fitting Eq. ͑1͒ to the dried sample data ͓Fig. 2 ͑III͔͒.
The feature Dϭ3 together with the behavior I(q)ϳq
Ϫ4
for qӷ1 could also be interpreted as the scattering from a system with an extremely rough boundary space filling fractal surface, in a length scale less than ϳ2.7 nm, as pointed by Rojanski et al. 16 for mesoporous silica on basis of an integrated study combining adsorption, electronic energy transfer, and SAXS techniques. However, we think it would be a complex figure to be elucidated exclusively from our SAXS data.
VI. CONCLUSIONS
The time structural evolutions on the drying of acetoneexchange silica sonogels, as determined by small angle x-ray scattering ͑SAXS͒, are in agreement with the classical periods established on basis of the features of the evaporation rate of the liquid phase in the obtaining of xerogels.
The wet gel can be described as formed by primary particles or microclusters, with density ϳ1.78 g/cm 3 , characteristic length a ϳ0.67 nm, and surface that is fractal, linking together to form mass fractal structures with mass fractal dimension Dϭ2.24 in a length scale ϳ6.7 nm.
As the network collapses during the constant rate period, in which the liquid/vapor meniscus is kept out of the gel volume, the mass fractal structure becomes more compacted by increasing D and decreasing , with smoothing of the fractal surface of the microclusters. The time evolution of the density of the wet gels was evaluated exclusively from the SAXS parameters , D, and a.
The final dried acetone-exchanged gel exhibits Porod's inhomogeneity length of about 2.8 nm and specific surface whose value is in agreement with that of xerogels obtained by slow drying of nonexchanged sonogels.
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